The filarial roundworm Dirofilaria immitis causes heartworm disease in dogs and other carnivores. D. immitis is closely related to Onchocerca volvulus, Wuchereria bancrofti and Brugia malayi, which cause onchocerciasis (river blindness) and lymphatic filariasis (elephantiasis) in humans and are neglected tropical diseases. Serum N-glycosylation is very sensitive to both pathological infections and changes in mammalian biology due to normal aging or lifestyle choices. Here, we report significant changes in the serum N-glycosylation profiles of dogs infected with D. immitis. Our data derive from analysis of serum from dogs with established patent infections and from a longitudinal infection study. Overall, galactosylation and core fucosylation increase, while sialylation decreases in infected dog sera. We also identify individual glycan structures that change significantly in their relative abundance during infection. Notably, the abundance of the most dominant N-glycan in canine serum (biantennary, disialylated A2G2S2) decreases by over 10 percentage points during the first 6 months of infection in each dog analyzed. This is the first longitudinal study linking changes in mammalian serum N-glycome to progression of a parasitic infection.
elicit effector functions 13, 14 . Serum glycosylation, while strikingly stable within individuals and highly regulated by hemostasis 15 , can change considerably with lifestyle, age and pathological conditions [16] [17] [18] . As such, serum glycan changes have been observed in association with cancer, inflammation, immunological diseases and congenital diseases [19] [20] [21] [22] [23] [24] [25] [26] . Hence, there is a great diagnostic potential for glycobiomarkers, and the N-glycosylation analysis of easily sourced blood serum can be a valuable tool in the diagnosis of numerous diseases [25] [26] [27] [28] [29] [30] [31] [32] including infectious diseases which hitherto have been poorly studied from this perspective.
Here, we show the impact of parasitic infection with D. immitis on the total canine serum N-glycosylation profile. We observe remarkable changes in the abundances of core fucosylated, galactosylated and sialylated serum N-glycans when comparing healthy dogs to those that have established patent D. immitis infections. We further present the detailed analysis of a longitudinal cohort of infected dogs and are thus able to identify temporal glycan structural changes during infection. We propose that individual glycan peaks in canine serum N-glycan profiles as well as more global markers, such as the relative abundance of sialylated glycans, could potentially be considered as glycobiomarker candidates for D. immitis infection in dogs. We believe that our findings are relevant for the veterinary field as they suggest potentially new ways of understanding and diagnosing heartworm disease. Further, it is noteworthy that D. immitis is closely related to O. volvulus, W. bancrofti and B. malayi, causative agents of onchocerciasis and lymphatic filariasis afflicting more than 135 million humans 33, 34 , thus making our results relevant for a wider filariasis research community. While alterations in IgG N-glycosylation have previously been associated with leishmaniasis 35 , asymptomatic filariasis 36 and other parasitic infection in developing countries 37 to the best of our knowledge, this is the first report of drastic changes in the mammalian total serum N-glycosylation profile as a consequence of parasitic infections.
Results
Characterization of serum N-glycans from healthy and diseased dogs. We have previously reported the detailed glycosylation analysis of canine serum 38 . To investigate the impact of filarial infection by D. immitis on the total N-glycosylation profile of serum, we analyzed serum samples from two different dog cohorts. In our first study, we analyzed sera from five dogs that had been infected with D. immitis for more than two years and thus carried a patent (i.e. active production of microfilariae) infection and compared them to sera from five healthy (control) dogs ( Supplementary Table S1 ). In the second study, we investigated changes in serum N-glycosylation at initial stages of a D. immitis infection by analyzing a longitudinal serum collection sampled from four dogs collected over the first 27 weeks of infection ( Supplementary Table S2) 39 . We performed serum N-glycosylation profiling of PNGase F-released and procainamide-labeled N-glycans by hydrophilic interaction chromatography-ultraperformance liquid chromatography (HILIC-UPLC) and further analyzed both serum from infected and uninfected dogs from the patent set by Matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF MS).
While the patent set was collected in 2015, the longitudinal samples were collected in 1989 and stored at −80 °C since. Despite the 25-year age difference between the samples, the N-glycosylation profiles of the healthy/ pre-infection serum samples from both cohorts were nearly identical (see Supplementary Fig. S1 ). There were only minor differences in the identified N-glycan peaks in the HILIC-UPLC spectra between the two sets (i.e. 42 glycan peaks were identified in total in the longitudinal set, compared to 44 in the patent set), which led to small differences in the peak numbering (for details see Supplementary Fig. S2 and Table S3 ).
Alteration of serum N-glycosylation in dogs infected with D. immitis. The N-glycosylation profiles
of dogs that carry a patent D. immitis infection differ substantially from healthy dogs ( Fig. 1 ). The most obvious differences are in the relative abundances of the two dominant glycan structures, the fucosylated biantennary FA2 (Peak No. 5) and the disialylated biantennary A2G2S2 (Peak No. 29; for a description of the glycan nomenclature, see legend to Supplementary Table S3 ). While the abundance of FA2 is considerably increased in diseased dogs, A2G2S2 is decreased. There were also obvious differences in less prominent structures ( Fig. 1b ). To investigate which of the N-glycan peaks significantly change in abundance within the patent set (consisting of 5 healthy and 5 infected dogs), we used linear mixed-effects models for statistical analysis. The volcano plot in Fig. 2a highlights the five peaks in the patent set that change significantly (adjusted p-value < 0.05). Among them are the two major peaks FA2 and A2G2S2, but also less abundant structures like A2 and A2G1. MALDI-TOF MS analysis of released and permethylated N-glycans from healthy and infected dogs confirms the changes in N-glycosylation as determined by HILIC-UPLC ( Supplementary Fig. S3 ).
We were further interested in examining whether there are significant changes in serum glycosylation with regard to broader glycan classes. More precisely, we analyzed the significance of the change in abundance of core fucosylated, galactosylated (glycans containing at least one terminal galactose), agalactosylated (glycans without any galactoses) and sialylated glycans based on their sensitivity to α1-2,4,6 Fucosidase, β1-4 Galactosidase and α2-3,6,8 Neuraminidase, respectively. As can be seen in Fig. 2b , agalactosylation, galactosylation and core fucosylation are all significantly increased in dogs infected with D. immitis, whereas sialylation is decreased. Supplementary Fig. S4 illustrates the chromatographic peaks that were included in the quantification of the four glycans classes. Interestingly, the serum N-glycosylation profiles transiently change after about 3 weeks and 9 weeks of infection, where we see a general decrease in mainly small, agalactosylated glycans as well as galactosylated structures (Figs 3b and 4 ). This is somewhat inverted at later timepoints, where, broadly speaking, we see a general increase in smaller glycans (i.e., agalactosylation and galactosylation) and also in fucosylation. Peak 28, which contains the biantennary, monosialylated (Neu5Gc) glycan FA2G2S Neu5Gc 1, is consistently and significantly decreased in comparison to healthy dog serum after only 19 weeks of infection ( Fig. 4) , thus making it a potential biomarker candidate for early infection. However, we could not identify a similar clear change in the relative abundance of this particular glycan in dogs with a patent D. immitis infection.
Changes in canine serum N-glycosylation in a longitudinal
The N-glycosylation profile of serum IgG is unaltered. We purified IgG from healthy and infected dogs (patent set) using Protein G and performed N-glycosylation profiling by HILIC-UPLC. The IgG N-glycan profiles of healthy and infected dogs look almost identical ( Supplementary Fig. S5 ) and we did not determine any statistical changes in the abundances of canine IgG glycan structures. However, we further determined the concentration of IgG in the serum samples of the patent set using ELISA, and found the average IgG concentration to be about 1.5 times higher in dogs with a patent infection compared to the healthy controls. Thus, a change in the relative abundance of serum glycoproteins likely contributes to the observed changes in canine N-glycosylation upon infection with D. immitis.
Discussion
We observed remarkable changes in the total serum N-glycosylation profiles of dogs infected with D. immitis. The relative abundance of sialylated N-glycans decreases whereas the level of galactosylation and fucosylation increased. The most obvious and dominant changes occurred as early as 25 weeks post-infection, although we observe some fluctuation in serum N-glycosylation as early as 3 weeks post-infection. Generally, changes in serum N-glycosylation can be attributed to either a change in the glycan microheterogeneity of one or more glycoproteins or to a change in the total abundance of glycoproteins in serum. Among the N-glycan structures that change the most in dogs infected with D. immitis are FA2 (increase) and A2G2S2 (decrease). FA2 has been shown to predominantly originate from IgG 40, 41 . While a previous study has reported changes in the IgG sialylation in people infected with a related filarial nematode, W. bancrofti 36 , our analysis revealed no change in IgG N-glycan microheterogeneity in dogs with a patent D. immitis infection. We do, however, see an increased abundance of serum IgG in infected dogs that is likely responsible for at least part of the change in the relative abundances of serum N-glycans. We hypothesize that D. immitis may use a long-term polyclonal IgG response as an obfuscation tactic. Along these lines, increased levels of serum IgG have been previously reported in patients infected with Leishmania donovani 42 , where changes in IgG N-glycosylation have been associated with disease severity 35 . Helminths as such have been shown to modulate and suppress immune responses by regulating certain types of T cells 43 . It is highly likely that the observed effects are caused by multiple serum glycoproteins, but this requires further investigation. Changes in the abundance of FA2 in blood serum have previously been associated with conditions like liver fibrosis 28 , pregnancy in patients with rheumatoid arthritis 44 and peritoneal dialysis patients 31 . Possibly the most pronounced increases of FA2 in human serum have been reported to correlate with aging in both males and females 17, 45 . The authors hypothesized that the observed change could possibly be explained by increased activity of β-galactosidase activity as they also observed a decrease in FA2G2. We, however, did not observe any decrease in FA2G or FA2G2. On the contrary, corresponding peaks were elevated in the longitudinal set after 25 weeks (Peak No. 12 and Peak No. 16) and showed no significant change in the patent set. Thus, it is highly unlikely that the changes observed in our study are age-related or caused by similar effects in enzyme activity.
In this study, we analyzed two separate sets of canine serum infected with D. immitis; a cohort with a patent infection and a longitudinal study over the first 27 weeks of infection. We observed a larger number of glycan structures that showed significant changes after 25 weeks of infection in the longitudinal set (22 peaks) compared to five peaks in the patent set. Given the time span of about 25 years between the age of the two sources of sera and the different study designs, particularly the maturity of the heartworm infections, results are only comparable to some degree. Encouragingly, the observed changes in serum N-glycan peak relative abundances upon infection with D. immitis are broadly the same in both studies (i.e., decrease in sialylation, increase in galactosylation and fucosylation and the larger relative abundance of FA2). Further, all five glycan peaks that showed significant changes in the patent set after 2.5 years of infection were also significantly altered towards the end of the longitudinal study (25 weeks post-infection) and thus present potential biomarker candidates. It appears that serum N-glycosylation is more affected during the initial phase of D. immitis infection, likely reflecting immune responses as the larvae mature to adulthood, migrate into the heart and the pulmonary arterial system and start producing microfilariae. More precisely, it has been reported that after about 3 weeks of infection, when we see the first changes in serum N-glycosylation ( Fig. 4 ), most larvae have migrated from the subcutaneous tissues to the abdomen 4, 5 . They reach the heart as early as week 10 of infection, which is roughly when we see further distinct changes in the heatmap in Fig. 4 . Dogs usually develop patent infections where they actively produce microfilariae 6-9 months post-infection 4, 5 , which coincides with the time point where we observe the beginning of the most pronounced changes in the serum N-glycosylation profiles (25 weeks; Fig. 4 ). While some of the changes Fig. S3 ; Table S4 ). Given that blood is an easily sampled body fluid and that we observe changes in broad glycan classes one could imagine potential glycobiomarker candidates for diagnosing or monitoring D. immitis infection. Detection assays could possibly be based on lectin-based quantification capable of detecting terminal glycan epitopes such as e.g. sialylation or fucosylation. Of course, it needs to be further investigated which (if any) of these serum N-glycan changes are specific to a canine D. immitis infection and if infected dogs in a more natural infection setting show equally pronounced glycosylation changes. The dog breed, the presence or absence of microfilariae and the severity of the disease could very well influence the intensity of glycosylation changes. It also needs to be considered that the abundance of serum FA2 in dogs could be similarly affected by aging as it is the case in humans 17, 45 .
To the best of our knowledge, this is the first report of significant and drastic serum N-glycosylation changes during a nematode infection. In the light of the fact that D. immitis is closely related to the human parasites O. volvulus, W. bancrofti and B. malayi, future studies should investigate if similar drastic changes in serum N-glycosylation also occur in human nematode infections.
Methods
Canine serum samples. Canine serum samples originated from beagle dogs and were purchased from TRS Laboratories Inc (Athens, GA, USA). All animal experiments were approved by the IACUC committee of TRS Laboratories Inc. and in compliance with the USDA Animal Welfare Act. This study comprises the analysis of sera originating from two independent canine cohorts that were infected with D. immitis. The first cohort, termed patent set, contains five healthy (control) dogs and 5 diseased dogs. The 5 diseased dogs were infected via transplantation of adult worms of one of the D. immitis strains 'Wildcat' , 'Pepper' or 'Georgia II' into the jugular vein. Serum samples were drawn after ~2.5 years of infection. More detailed information on this set can be found in Supplementary  Table S1 . The second cohort of serum samples, termed longitudinal set, originated from a previously published longitudinal study of dogs infected with D. immitis 39 . In brief, 4 beagle dogs were subcutaneously infected with L3 larvae at week 0 and week 7. Blood samples were collected for a period of 27 weeks of infection. More detailed information on this set can be found in Supplementary Table S2 . Serum samples were stored at −80 °C. Exoglycosidase digestion of released glycans. Digestion of released glycans with a panel of recombinant exoglycosidases was performed to quantify the abundance of individual glycan classes (e.g. those carrying sialic acids) as well as to confirm glycan structures via sequential digestion as described previously 38 .
Purification of
In brief, glycans were digested with α2-3,6,8 Neuraminidase, α1-2,4,6 Fucosidase O, β1-4 Galactosidase, β-N-Acetyl-Glucosaminidase and α1-2,3,6 Mannnosidase (all from New England Biolabs) according to the manufacturer's instructions. Samples were then analyzed by HILIC-UPLC (see above).
Glycan release, permethylation and MALDI-TOF MS analysis. N-glycans were released with
PNGase F, subsequently permethylated and analyzed by MALDI-TOF MS in positive ion mode on an UltraFlex II MALDI-TOF mass spectrometer (Bruker) as described in detail previously 38 . Glycan structures were assigned manually, based on known biosynthesis pathways and with the help of GlycoWorkbench 46 .
Data analysis. Statistical data analysis was performed using R 3.5.0 in an environment of R studio 1.1.447.
The impact of D. immitis infection on canine serum glycosylation was explored using linear-mixed effects models. Peak areas of HILIC-UPLC glycan spectra were quantified using Empower 3 (Waters). The peak areas within one spectrum were normalized to the same arbitrary total peak area of 100000 among all spectra. The R package MSstats 47 was utilized for data processing (including log transformation) and statistical modeling. MSstats employs the lm and lmer functionalities in R, but customizes the statistical design i.e. group comparison (patent set) or time course experiments (longitudinal set) based on the input data.
